• Background and Purpose We tested the hypothesis that cerebral hypoperfusion after experimental global cerebral ischemia is caused by plugging of the microcirculation with activated leukocytes using in vivo microscopic observation of the behavior of leukocytes in the cortical microcirculation during the transition from postischemic hyperperfusion to hypoperfusion.
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• Background and Purpose We tested the hypothesis that cerebral hypoperfusion after experimental global cerebral ischemia is caused by plugging of the microcirculation with activated leukocytes using in vivo microscopic observation of the behavior of leukocytes in the cortical microcirculation during the transition from postischemic hyperperfusion to hypoperfusion. Methods Anesthetized and ventilated rats (n=24) were equipped with a closed cranial window. Physiological variables and cortical regional cerebral blood flow (laser-Doppler flowmetry) were measured continuously. Leukocytes were labeled intravitally with rhodamine 6G and visualized in the microcirculation of the brain surface and outer layers of the cortex with confocal laser scanning microscopy from preischemia to 4 hours after reperfusion that followed 10 minutes of global cerebral ischemia (rCBF<10% of control).
Results In controls (n=8), there were no signs of leukocyte activation over the 4-hour observation period. In ischemic rats (n=16), during the transition from hyperperfusion to hypoper-S evere transient global forebrain ischemia leads to a characteristic pattern of cerebral blood flow (CBF) changes in several species: After recirculation a short period of hyperperfusion develops, followed by prolonged hypoperfusion. 1 - 2 The factors causing this blood flow pattern and its consequences for ischemic damage are not fully understood.
Generally, hyperperfusion is attributed to maximal vasodilation caused by the accumulation of vasodilator metabolic products, such as H + ,K + , nitric oxide, adenosine, etc, 2 -4 although neurogenic mechanisms may be involved as well. 5 It is less clear what causes hypoperfusion. The concept of a mechanical obstruction of the postischemic microcirculation with subsequent hypoperfusion 6 or "no-reflow" 7 by leukocytes ("leukocyte plugging" 8 ) has received much attention. 910 Leukocytes may be activated during ischemia, and activated leukocytes interact with the vascular endothelium, possibly resulting in microvascular obstruction. 10 In skeletal muscle, Harris and Skalak" demonstrated that even a few activated leukocytes may have a profound impact on the resistance of microvascular networks and therefore blood flow.
See Editorial Comment, page 1038
Despite great progress in our understanding of the molecular mechanisms of leukocyte activation and leukocyte-mediated pathology, 1216 the issue of leukocyte involvement in postischemic hypoperfusion and damage has remained controversial. A number of studies have shown postischemic leukocyte accumulation and capillary obstruction in various tissues (heart, 17 skeletal muscle, 18 and intestine, 19 ) including the brain. 20 - 24 Because experimental depletion of leukocytes ameliorates postischemic hypoperfusion, Gr0gaard et al 6 speculated that mechanical obstruction of the microcirculation by activated neutrophils causes postischemic hypoperfusion. However, other investigators did not find evidence for microvascular plugging after cerebral ischemia.
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Methodological difficulties have hampered the interpretation of the above studies. Histological analysis for leukocyte accumulation in tissue sections 21 and examinations of the consequences of reduced leukocyte count or function (ie, chemical leukocyte depletion 6 or adhesion antibody treatment 28 ) have been criticized for the possible artifacts associated with those methods, particularly perfusion artifacts and changes in blood rheology, respectively. Cranial window techniques permit in vivo investigation of leukocyte behavior in the pial circulation on the surface of the brain, 29 30 permits the evaluation of leukocyte dynamics in the microcirculation of the surface and the outer layers of the brain cortex of experimental animals in vivo. 31 ' 33 Using this technique it was the aim of this study to assess the behavior of leukocytes in the cortical microcirculation during the transition from postischemic hyperperfusion to hypoperfusion and in early hypoperfusion after global cerebral ischemia.
Materials and Methods

General Preparation
Male Wistar rats were anesthetized with thiobutabarbiturate ([Inactin], 100 mg/kg body weight, Byk Gulden), tracheotomized, and artificially ventilated (Harvard small animal respirator). The femoral artery and vein were cannulated for physiological monitoring and infusion of drugs. Via a midline cervical incision both common carotid arteries were isolated microsurgically from adhering tissue and nerves. Silastic loops (0.64-mm inner diameter, 1.19-mm outer diameter; Dow Corning) were placed loosely around the vessels for later occlusion and release (see below). The body temperature was measured and maintained at 38±0.5°C. Arterial blood pressure, intracranial pressure, and end-expiratory Pco 2 (Heyer EGM I) were monitored continuously; blood gases were measured serially (Instrumentation Laboratory IL 1304), and hematocrit was measured at the beginning and end of each experiment. Physiological variables including regional CBF (rCBF; see below) were analog/digital converted and processed and stored on a personal computer running the ASYST software (MacMillan Software). The animals were placed in a stereotactic frame equipped with a closed cranial window over the right parietal cortex (dura removed; for details see Reference 34). The lower body of the rat (excluding the thorax) was housed in a plastic tube (inner diameter, 7 cm), which served as a negative pressure chamber for the induction of ischemia (see below and Fig 1) . The animals were positioned under a confocal microscope in the specialized stereotactic frame.
Confocal Laser Scanning Microscopy
We used a Bio-Rad MRC 600 CLSM system (Biorad Microscience) attached to a Nikon Optiphot microscope. The microscope objective (Zeiss) was a x40 water-immersion objective (heated to 37°Q corrected for a coverslip with a numerical aperture of 0.75 and a working distance of 1.6 mm (Fig 1) . The light source was an argon laser with principal lines at 488 and 514 ran (Ion Laser Technologies model 5425). Appropriate mirror and filter sets were used for rhodamine and fluorescein excitation and imaging of emission.
CLSM is superior in depth resolution and tissue penetration to conventional epiluminescence microscopy 35 and permits the optical sectioning of the outer 300 fim of the rat cortex in vivo. 33 The half width of a plane of focus 100 fim beneath the brain surface for our microscope configuration is between 1 and 2 urn. 34 Acquisition time for one image was 125 milliseconds (384x128 pixels corresponding to 254x168 jun in the object). The images were stored on hard disk and, after digital/analog conversion, on a video recorder for off-line image analysis. The CLSM was equipped with a computer-controlled x-y-z stage, permitting movement of the object with an accuracy of 0.1 jim in every dimension. It was therefore possible to scan multiple focal planes of interest within the brain and to return to them during the course of the experiment. The following parameters were measured: the number of leukocytes rolling along the vascular wall ("rollers" 36 ; Fig 2C and 2D ), the number of leukocytes adhering to the vascular wall for longer than 10 seconds ("stickers" 36 ; Fig 2A and 2B ), the number of leukocytes occluding capillaries for longer than 10 seconds ("pluggers"; Fig  2E) , and the number of leukocytes extravasating into the perivascular space or brain parenchyma (Fig 2F) .
Labeling of the Microcirculation
To visualize intravascular leukocytes with CLSM, 31 a bolus of 200 fig rhodamine 6G (Aldrich Chemicals) in 1 mL 0.9% saline was injected intravenously, followed by a continuous infusion of 1 mL/h at the same concentration. After intravenous injection, rhodamine 6G labels circulating leukocytes (porymorphonuclear leukocytes, lymphocytes, and monocytes) and platelets but not red blood cells and endothelial cells. Constant plasma levels of rhodamine 6G were verified with spectrofluorometry. To visualize the microvascular bed in the cortical observation area and to test the intactness of the blood-brain barrier, 37 at the end of the experiment 3 mg/100 g body weight of fluorescein sodium salt (MW 376, Sigma Chemical Co) in 0.5 mL 0.9% saline was injected intravenously.
Cerebral Blood Flow Measurement
Regional CBF in the cortex volume visualized with CLSM was measured continuously with laser-Doppler flowmetry (LDF), which quantitatively measures changes in microvascular rCBF 
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- 40 We used a Vasamedics 403 A Blood Perfusion Monitor connected to a needle probe (0.8-mm diameter). The LDF probe was fixed to the microscope objective and sampled the field of view of the microscope (Fig 1) . Because of filters in the beam path of the microscope and the insensitrvity of the CLSM photomultiplier tubes to the near-infrared light used by LDF (780 mn), no interference between CLSM imaging and the LDF measurement occurred.
Induction of Global Cerebral Ischemia
Both common carotid arteries were occluded by tightening the Silastic loops, and immediately afterward rCBF was reduced to a level <10% of resting flow for 10 minutes by applying negative pressure with a vacuum cleaner to the negative pressure chamber (see Fig 1 and above) . When pressure around the body drops below the venous pressure (<5 mm Hg), blood is pooled in the venous system, and systemic arterial pressure (SAP) is lowered according to lower body negative pressure. The effects of lower body negative pressure do not differ from the consequences of other types of acute hypotension. 41 The circulatory effects of this simple model 42 resemble the well-established two-vessel occlusion models combined with systemic hypotension 43 ; however, bloodletting and reinfusion are avoided, and no anticoagulation is necessary. Hypotension and normotension and hence ischemia and reperfusion can be achieved as a step function. In addition, hypobaric hypotension avoids trauma to blood cells, which may lead to leukocyte activation.
Experimental Protocol
In each animal (n=16), five cortical areas (254x168 fim each) per cranial window were randomly selected and imaged continuously for 30 seconds each at the surface of the brain and at 50, 100, and 150 /im below the surface of the brain. Each position was stored electronically and was selected again by the computer-controlled stage for imaging of these areas during postischemic hyperperfusion (within 10 minutes after onset of reperfusion) and at 0.5,1, 2, 3, and 4 hours after onset of reperfusion. At the end of the experiment, fluorescein angiography was performed to visualize the microvascular network (measurement of vascular diameters, identification of capillaries and extravascular leukocytes, etc) and to test the intactness of the blood-brain barrier.
In sham controls (n=8), the same surgical and measurement procedures were performed, including the loose placement of Silastic loops around the carotid arteries, but no carotid occlusion and hypotension was induced.
Data Analysis
Roller and sticker data are expressed as mean±SD per total venular network at one region of interest, and plugger data are expressed as mean±SD per observed cortex volume (ie, the four optical sections). In most studies on intravascular leukocyte behavior using conventional light microscopy, numbers of rollers and stickers are expressed as count per micrometer of vessel 36 or count per square millimeter of vascular endothelium. 44 We purposely avoided this unit of measure in our study because CLSM investigates thin optical sections, which may not include the whole blood vessel. The numbers given in our study are useful to express activation during the experiment if compared with baseline values, but they may not reflect absolute numbers for comparison with other studies expressing activation in relation to the length of a vascular segment. For all numerical data (rollers, stickers, pluggers, extravascular leukocytes, rCBF in percent of control), a mean value was calculated from the five cortical volumes investigated for every measurement interval. Extravasation of leukocytes into the brain parenchyma or perivascular space was graded as none (grade 0), <5 leukocytes (grade 1), <20 leukocytes (grade 2), and too many to count (grade 3). The time course of leukocyte stickers, rollers, and pluggers and physiological variables before ischemia and during the reperfusion interval were analyzed using repeated-measures ANOVA. Extravasation of leukocytes was analyzed using x 2 statistics.
Results
Physiological Variables
The physiological variables of the ischemia group are summarized in Table 1 . Except for mild hypercapnia and acidosis (which was not treated) in the reperfusion phase, variables did not change during the course of the experiment. Except for the ischemia-induced acidosis present in the ischemia group, physiological variables of the sham-control rats (n=8) were not statistically different from the ischemia group (data not shown).
Cerebral Blood Flow Changes
Occlusion of both common carotid arteries led to an immediate drop in rCBF to 53±15% of baseline. Immediately after common carotid occlusion, hypobaric hypotension was induced. SAP around 60 mm Hg was always associated with rCBF values < 10% of baseline. After the reopening of the carotid arteries and termination of lower body negative pressure, within 148 ±74 seconds hyperperfusion was reached (last minimum to first maximum). Maximum hyperperfusion rCBF was 212±59% of baseline, and CBF was > 150% of baseline for 12±3 minutes. Within 166±61 seconds, rCBF dropped from hyperperfusion to hypoperfusion (last maximum to first minimum). Thirty minutes after onset of reperfusion, rCBF was 54±21% of baseline. Fig 3 shows a typical rCBF/SAP recording from baseline to hypoperfusion. Table 2 and Fig 4 summarize the data obtained from imaging of rhodamine 6G-labeled leukocytes in the ischemia group. Before the induction of ischemia, very few leukocytes were seen rolling along (rollers) or adhering (stickers) to the venular endothelium. Frequently leukocytes were seen stopping for seconds in capillaries, but no leukocytes occluded capillaries for more than 10 seconds, and no leukocytes were seen in time (5 minute intervals) Fo 3. Graph shows typical regional cerebral blood ftow (rCBF; percent of baseline) pattern in response to bilateral common carotid artery occlusion (1) and hypobaric hypotension (2) . Release of the carotid occlusion and termination of hypobaric hypotension (3) leads to hyperperfusion, followed by a rapid transition to hypoperfusion. SAP Indicates systemic arterial pressure. the perivascular space or the brain parenchyma. Because of motion artifacts caused by the negative pressure device, no leukocyte imaging was feasible during the ischemic period. During reperfusion, rollers, stickers, and pluggers slightly increased. The changes in these parameters did not reach statistical significance over the 4-hour observation period. In the acute transition from hyperperfusion to hypoperfusion, no change in the behavior of leukocytes was detected. When a capillary plugger was found, in several animals a small bolus of sodium fluorescein was given intravenously to test the patency of those capillaries for plasma flow ( Fig  5) . Fluorescently labeled plasma always passed the plugging leukocytes, whereas red blood cell flow was obstructed. Beginning 2 hours after induction of ischemia, in 6 rats extravasation of leukocytes from veins into the perivascular space and brain parenchyma was observed. Occasionally leukocytes were seen migrating from the intravascular to the extravascular compartment (Fig 6) . The time required for transmigration was approximately 30 seconds. Leukocyte extravasation was very variable from rat to rat; profound extravasation occurred in 2 rats. In no animal at any time were leukocytes seen rolling, sticking, or extravasating at arteries or arterioles. At the end of the experiment, the intactness of the blood-brain barrier was tested by intravenous injection of sodium fluorescein. The bloodbrain barrier was intact in all animals, as evidenced by the lack of extravasation of the tracer.
Leukocyte Behavior
In sham-operated rats, no change in the number of rollers and stickers occurred over the 4-hour observation period, and no pluggers or extravascular leukocytes and no alteration of the blood-brain barrier were observed (data not shown).
Discussion
During 4 hours of reperfusion after 10 minutes of global forebrain ischemia in rats, there was only very mild activation of leukocyte-endothelium interaction, as evidenced by a small increase in leukocytes rolling along or adhering to the endothelium of veins and venules on the surface and the outer 150 fim of the brain cortex. Beginning 30 minutes after onset of reperfusion, occasionally leukocytes were seen plugging capillaries, obstructing red blood cell but not plasma flow. Because of a large interanimal variance, those phenomena did not reach statistical significance. The transition from postischemic hyperperfusion to hypoperfusion was precipitous, and no change in leukocyte behavior was evident during this period. In 6 of 16 animals extravasation of leukocytes from the intravascular to the perivascular space or brain parenchyma was found, starting approximately 2 hours after the onset of reperfusion ischemia. Again there was a large interanimal variance, and no relation to ischemic or postischemic rCBF or other physiological parameters was evident. The blood-brain barrier was intact 4 hours after onset of reperfusion.
Does Leukocyte Flogging Cause Postischemic Cortical Hypoperfusion?
Plugging of the microcirculation by activated leukocytes after ischemia has been suspected as a cause of hypoperfusion in a number of tissues. 45 " 8 In the brain, the occurrence and relevance of leukocyte plugging after cerebral ischemia remains controversial. Some groups found evidence for postischemic microvascular plugging, 20 - 23 and Grogaard et al s postulated that activated porymorphonuclear leukocytes contribute to the hypoperfusion in the acute phase after global cerebral ischemia. Others, however, were unable to demonstrate postischemic leukocyte plugging. 2527 Because of methodological difficulties, a direct correlation of brain endothelium-leukocyte interaction to the acute blood flow changes in the postischemic period has never been shown in vivo. Our study demonstrates for the first time that the transition from hyperperfusion to hypoperfusion in the rat neocortex in a model of global cerebral ischemia is not accompanied by a change in the interaction pattern of leukocytes with the endothelium of the pial microcirculation and superficial cortical capillaries.
rCBF changes from hyperperfusion to hypoperfusion within minutes. We did not find any change of leukocyte-endothelium interaction or plugging during this phase of microvascular collapse, which strongly argues against a role for leukocytes as a cause of hypoperfusion. In an elegant study, Frerichs et al 49 have shown that the destruction of local neurons attenuates the time course of flow reduction after hyperperfusion and prevents hypoperfusion. They concluded that local neurons trigger the transition to hypoperfusion. Although the global ischemia model (four-vessel occlusion 50 versus two-vessel occlusion combined with hypotension 42 ) and the ischemic interval (20 versus 10 minutes) was different compared with our study, the rCBF values for hyperperfusion and hypoperfusion are very similar in both studies. Most notably, the temporal pattern for the transition from hyperperfusion to hypoperfusion was virtually identical.
It is interesting to note that when plugging of a cortical capillary was detected, we never found complete obstruction of the capillary for all blood components. Blood plasma (labeled with a small bolus of fluorescein sodium) passed the plugging leukocyte, although the transit time seemed delayed if compared with neighboring unobstructed capillaries. This finding may be explained by a small gap between the plugging Fra 6. Sequence of confocal laser scanning microscopic images demonstrating the migration of a leukocyte from the bloodstream of a plal vein into the perivascular space. Time interval between images was 5 seconds. Solid arrow indicates sticking leukocyte, and endothelium is marked with a white line. Several leukocytes have already migrated into the perivascular space.
leukocytes and the luminal endothelial cell membranes, which measured 160 nm using electron microscopy of focal ischemic brain tissue. 21 The significance of this phenomenon is not clear, but isolated plasma flow, which has been reported to occur in the brain under physiological 51 and ischemic 20 -52 ' 53 conditions, may be important for waste removal and osmotic homeostasis.
It may be argued that we visualized leukocyte dynamics only in the outer layers of the brain cortex microcirculation and that leukocyte plugging may have occurred in the microcirculation of deeper cortical layers. This is unlikely because there seem to be no functional or morphological differences between capillaries in different cortical layers, 54 - 55 and studies assessing capillary plugging histologically (see above) found no preferential distribution regarding the cortical layers.
Activation of Leukocytes During Hypoperfusion
A variety of substances generated by the ischemic tissue have been shown to activate leukocytes. Leukotrienes 56 and superoxide 57 will upregulate leukocytic ft-integrins (leukocyte adhesive glycoprotein complex CD11/CD18) on the surface of porymorphonuclear leukocytes. Superoxide will also upregulate the leukocyte adhesion molecule GMP-140 at the endothelial surface. 58 Tumor necrosis factor and interleukin-1, both of which are products of platelet-activating factor-stimulated monocytes/macrophages, 59 -60 upregulate other endothelium-confined leukocyte-adhesion receptor molecules (eg, intracellular adhesion molecules 1 and 2 61 ). This may lead to adhesion of the leukocytes to the endothelial wall with damage to the endothelium, 62 -63 microvascular occlusion, and release of toxic (eg, oxygen free radicals 64 ) and proaggregatory (eg, plateletactivating factor 65 ) leukocytic products, with resultant microvascular stasis and migration of the leukocytes into the tissue. 12 However, those mechanisms have been studied mainly in peripheral organs, and relatively little is known about the biology of cerebral endotheliumleukocyte interactions. 10 The questions of whether leukocytes are activated during global cerebral ischemia, play a role in the postischemic cerebral blood flow changes, and participate in ischemic damage to the brain are still unresolved. During the course of the 4-hour observation period, we found a pattern of mild activation of leukocyte-endothelium interaction, as evidenced by a slight increase in rollers, stickers, pluggers, and extravasation of leukocytes.
Extravasation of leukocytes did not occur in all rats, and there was a large variability between animals. Extravasation occurred at postcapillary venules as well as veins. Several times we were able to image the transmigration of leukocytes through the vessel wall, a process that was never observed before in the brain in vivo. Transmigration was surprisingly fast (approximately 30 seconds), and even in rats in which extravasation occurred, no signs of blood-brain barrier disruption were detected when fluorescein was given intravenously at the end of the experiment. That extravasation of leukocytes is possible without damage to the bloodbrain barrier was already suspected from in vitro data, where it has been shown that leukocytes travel across an artificial blood-brain barrier (bovine endothelial cell layers with intact, tight junctions) without barrier disruption. 66 In cat mesenteric veins, leukocyte adhesion and emigration does not alter vascular protein permeability. 67 Our findings also add support to previous reports of phasic openings of the blood-brain barrier after global ischemia. Most investigators agree that after an early opening immediately after the ischemic phase the blood-brain barrier closes again and is intact at the time of fluorescein injection in our study.
5870
Activated leukocytes were seen rolling, sticking, and transmigrating only at postcapillary venules and veins; arterioles or arteries were never involved. This is in agreement with the concept that it is the venular endothelium that interacts with leukocytes and that the shear stress in arteries 71 prevents such interaction. Recently, the view that leukocyte-endothelium interactions occur exclusively at the venular endothelium has been questioned by the finding of migration of neutrophils into coronary artery smooth muscle after ischemia and reperfusion. 72 We were unable to correlate the intensity of activation of leukocyte-endothelium interaction with the severity of the ischemic and postischemic blood flow changes or any of the systemic variables. In an additional series we extended the ischemic interval up to 30 minutes (data not shown) without finding a more pronounced leukocyte activation. This is in agreement with a study by Anderson et al 73 in which leukocyte accumulation was only evident when global cerebral ischemia in dogs was induced for longer than 40 minutes. It also points to differences in the pattern of leukocyte activation between global and focal cerebral ischemia. In focal cerebral ischemia, evidence has accumulated demonstrating the activation and accumulation of leukocytes. 10 have speculated that leukocyte activation is much more prominent and relevant in focal than in global cerebral ischemia. Our data support this view regarding global cerebral ischemia and underscore that it is of great importance to differentiate between those two major types of cerebral ischemia.
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The cranial window preparation in anesthetized rats restricts our observation period to the acute experiment. Moreover, because of the long maturation time of ischemic injury after global cerebral ischemia, 77 no correlation was attempted between the degree of leukocyte activation (eg, extravasation of leukocytes) and ischemic damage to brain tissue assessed by histology. We therefore cannot rule out a more pronounced activation of leukocyte-endothelium interaction and extravasation of leukocytes during later stages of reperfusion, nor can we exclude a role for leukocytes as mediators for ischemic damage. Leukocytes may not only be involved in ischemic damage by causing microvascular occlusion but also by the release of toxic substances, particularly oxygen free radicals. 12 This type of insult may be of specific importance when leukocytes invade the brain tissue, as seen in some rats in this study.
Methodology
Several methodological issues have to be considered, particularly concerning the dyes and imaging method and the ischemia model used here. We used CLSM in a closed cranial window preparation to image intravitally rhodamine 6G-labeled leukocytes. Intravital leukocyte staining has the advantage over extracorporeal labeling in that damage by the isolation process can be avoided and that continuous infusion of the dye provides labeling of all circulating leukocytes. Because the dyes are given intravenously in intravital labeling and no dyes exist that are exclusively bound to a specific cell type, the problem of unspecific labeling arises. In comparison with other intravital leukocyte stains such as acridine orange 36 or acridine red, 78 rhodamine 6G has the advantage of being more selective to leukocytes. In particular, rhodamine 6G does not label endothelial cells, and therefore fluorescence quenching of images below the cortical surface caused by staining of blood vessels is reduced, permitting a higher depth of penetration. The use of fluorescent dyes in combination with light always carries the risk of photodamage. 79 Because of the scanning process a favorable time-intensity integral may ensue compared with conventional fluorescence microscopy, but no direct comparisons exist between CLSM and conventional fluorescence microscopy regarding light and dye damage. By using neutral density filters in the incident light path and short scanning times, we tried to minimize the potential of light and dye damage. 80 Blood-brain barrier dysfunction has been shown to be the most sensitive marker for light and dye effects. 81 We have seen no signs of barrier dysfunction, neither in controls nor in the ischemic rats. No intravascular aggregates were forming throughout the observation period in control animals, another indication of a lack of significant light and dye damage.
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- 83 In addition, much longer scanning times and dye concentrations than the ones used in this study are needed to produce light and dye damage in our setup. 80 We are therefore confident that our results are not confounded by phototoxic effects or by damage related to the implantation of a cranial window.
Because little activation of leukocyte-endothelium interaction was evident even in ischemic rats, the issue of an impaired leukocyte function due to rhodamine 6G staining has to be raised. In isolated liver mitochondrial preparations, rhodamine 6G at concentrations higher than 3 jimol/L inhibited oxidative phosphorylation. 84 -85 Blood concentrations of rhodamine 6G with our dosage scheme are around 1 /tmol/L, but the concentration at leukocyte mitochondria is probably considerably below this value. More importantly, rhodamine 6G-labeled leukocytes appear to function normally and can be activated by known leukotaxin A/-formyl-methionylleucylphenyl-alanine. 29 Using exactly the same imaging procedure and labeling protocol as this study, we have demonstrated pronounced leukocyte activation by experimental pneumococcal meningitis, 86 adding further support to the notion that the dye does not impair leukocyte function in our protocol.
It may be argued that hypobaric hypotension may have activated leukocytes in the peripheral circulation, with subsequent peripheral trapping and neutrophil depletion. Significant leukocyte activation by hypobaric hypotension as used here is unlikely, however, because in our model a blood pressure of 60 mm Hg is sufficient to reduce CBF to < 10% of baseline when both carotid arteries are occluded. 42 Blood pressure levels in this range for 10 minutes induced by lower body negative pressure do not lead to ischemia of peripheral organs and are well tolerated in humans for extended time periods.'* 1 In addition, Perry and Granger 87 showed that postischemic leukocyte-endothelium interactions in the cat mesentery are identical if ischemia is produced either locally or by global ischemia. Leukocyte activation was produced by profound hemorrhagic hypotension in their study, and no systemic neutrophil depletion occurred. We are therefore confident that the particular mode of producing cerebral ischemia used in this study, hypobaric hypotension combined with bilateral common carotid occlusion, does not hamper the interpretation of the results.
In summary, we have provided evidence that in a model of global cerebral ischemia in the anesthetized rat, cortical hypoperfusion is not caused by leukocyte plugging and that after several hours of reperfusion mild activation of leukocyte-endothelium interaction in the microcirculation of the outer layers of the cortex develops, which is variable between animals and not correlated with the rCBF pattern. We conclude that leukocytes play no or only a minor role for the rCBF changes in acute reperfusion after experimental global cerebral ischemia. However, we cannot rule out that during later stages of reperfusion delayed activation of leukocytes occurs and that leukocytes ultimately play a role in the damage to brain tissue neurons seen after prolonged survival times.
